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Non-Fermi-liquid (NFL) behavior in the /-sublattice-diluted alloy system Ui_ x Th a; Pd2 AI3 has been 
studied using 27 A1 nuclear magnetic resonance (NMR). Impurity satellites due to specific U near- 
neighbor configurations to 27 A1 sites are clearly resolved in both random and field-aligned powder 
samples. The particular configuration associated with each satellite is identified by comparison of 
calculated and observed satellite intensities. The spatial mean K and rms spread 5K of impurity 
satellite shifts, which are related to the mean \ and rms spread 8\ °f the inhomogeneous suscepti- 
bility, have been measured in field-aligned powders with the crystalline c axis both perpendicular 
and parallel to the external field. Satellites corresponding to only one uranium near neighbor were 
chosen for analysis, since in this case 5%(T) /%(T) = SK/K independent of the (unknown) spa- 
tial correlation of the random susceptibility inhomogeneity. The relatively narrow lines observed 
at low temperatures suggest that disorder-induced inhomogeneity of the /-ion-conduction-electron 
hybridization is not the cause of NFL behavior in these alloys: at low temperatures the experi- 
mental values of Sx(T)/x(T) are much smaller than required by disorder-driven models. This is 
in contrast to results in at least some alloys with disordered non-/-ion nearest neighbors to / ions 
( "ligand disorder" ) , where disorder-driven theories give good accounts of NFL behavior. Our results 
suggest that /-ion dilution does not produce as much inhomogeneity of the hybridization strength 
as substitution on ligand sites. 

PACS numbers: 71.27.+a, 75. 30. Mb, 76.60.Cq. 



I. INTRODUCTION 

The magnetism of heavy-fermion /-electron materials 
is quenched at low temperatures by conduction-electron 
(Kondo) screening. A many-body ground state is formed 
that has traditionally been described within Landau's 
Fermi-liquid theory both for dilute alloystl (the single- 
impurity Kondo problem) and for concentrated "Kondo 
lattice" systems (with or without lattice disorder). But 
the thermodynamic and transport properties of a number 
of /-electron "heavy-fermion" metals and,-alloys do not 
behave as predicted by Fermi-liquid theory.13 The inappli- 
cability of this picture is signaled by (a) weak power-law 
or logarithmic divergences of the specific heat Sommer- 
feld coefficient 7(T) = C(T)/T and the magnetic suscep- 
tibility x{T), both of which are constant in Fermi- liquid 
theory, and (b) a temperature dependence of the electri- 
cal resistivity which is weaker than the T 2 prediction of 
Fermi-liquid theory. Better theoretical and experimental 
understanding of these so-called non-Fermi-liquid (NFL) 
systems has been the goal of a considerable amount of 
research in recent years. 

Two broad classes of theoretical explanation of NFL 



behavior have emerged: (a) proximity to a zero- 
temperature quantum critical poinLJ^QCP), of either a 
single-ion or a cooperative nature,0a and (b) the ef- 
fect of Jattice disorder on the Kondo properties of the 
/ ionsBuij In the QCP picture the NFL behavior is 
due to quantum fluctuations associated with a critical 
point at zero temperature. This mechanism is operative 
in uniform systems, since disorder is not required. In 
disorder-driven scenarios the effect of structural disor- 
der on /-electron many-body effects such as the Kondo 
effect and the Ruderman-Kittel-Kasuya-Yosida (RKKY) 
interaction between / ions produces a broad inhomoge- 
neous distribution of the local susceptibilities Xj associ- 
ated with the / ions. Uncompensated Kondo ions far 
from the singlet ground state, which are not described 
by Fermi-liquid theory, give rise to large values of Xj and 
the NFL properties of the material. QCP and disorder- 
driven mechanisms need not be mutually exclusive, how- 
ever, since critical fluctuations of a disordered system 
might also be involved in NFL behavior. _ _ 

The single-ion "Kondo disorder" picturejjlj in which 
the uncompensated ions are assumed not to interact, was 
developed to explain nuclear magnetic resonance (NMR) 
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FIG. 1. Phase diagram of Ui_ :E Th a ;Pd2Al3. Antiferromag- 
netic (AFM), Superconducting (SC), and Kondo/non- Fermi- 
liquid (Kondo + NFL) regions are shown. NFL behavior oc- 
curs for x > 0.6, where the Kondo temperature Tk was de- 
termined from measurements of specific heat C(T), electrical 
resistivity p(T), and magnetic susceptibility x{T). Data from 
Ref. 0. 

experiments in the NFL alloys UCu5_a:Pd s , x = 1.0 and 
1.5, that revealed wide distributions of frequency shifts 
reflecting the required susceptibility inhomogeneity. In 
the Kondo disorder model structural disorder gives rise to 
a wide distribution of local Kondo temperatures [Tk)j] 
this leads to a distribution of Xj which becomes corre- 
spondingly wide at low temperatures. The "Griffiths- 
phase" model of Castro Neto et alE~a takes into account 
RKKY interactions between uncompensated /-ion mo- 
ments in the disordered system. These RKKY interac- 
tions couple the uncompensated moments into clusters, 
the thermal behavior of .which can be described in terms 
of Griffiths singularities!^ associated with the distribu- 
tion of cluster sizes. 

Both the Kondo-disorder and Griffiths-phase theories 
make definite predictions of the inhomogeneous spread in 
magnetic susceptibility that is capable of being measured 
by magnetic resonance techniques such as NMR. The 
present paper compares these predictions with 27 A1 NMR 
spectra in unaligned and field-aligned powder samples of 
the NFL alloys Ui-^Th^PdaAla, x = 0.7, 0.8, and 0.9. 

The isostructural alloy series Ui_ a; Th a ;Pd2Al3 ex- 
hibits NFL behavior for intermediate to high thorium 
concentrations.!!!! The phase diagram of Ui- x Th x Pd2Al3 
is shown in Fig. [l]. The heavy- fermion end compound 
UPd2Al3 exhibits coexistence of antiferromagnetic order 
(T/v = 14 K) and superconductivity^ (T c = 2 K) that 
persists for low Th concentrations (x < 0.2). For x > 0.6 
the electrical resistivity, specific heat, and magnetic sus- 
ceptibility are all indicative of NFL behavior £3 

The RKKY coupling between 27 A1 nuclei and U-ion 
spins affects the 27 A1 NMR in a number of ways, of which 
the most important for our purposes is the paramagnetic 



shift K of the field for resonance at fixed frequency: 




this shift is expected to be proportional to the U-ion sus- 
ceptibility x- Any inhomogeneity in x leads to a corre- 
sponding distribution of shifts that broadens the NMR 
line. The relation between the rms spreadiSxiii x an( l the 
NMR lincwidth a is described elsewhere,0ii3'l!J where it is 
shown that <j/(KHq), where K is the spatially averaged 
relative shift and Hq is the applied field, is an estima- 
tor for the fractional rms spread 5x1 Xi where x is the 
spatially averaged susceptibility. We can write a/ (KH Q ) 
equivalently as SK/K, where 5K = a /Ho is the relative 
rms spread in shifts. 

NMR line broadening can also arise from dynamic 
(lifetime) effects due to nuclear spin-lattice relaxation. 
Pulsed NMR techniques can be used to estimate such life, 
time broadening independently of the spectral width, Ej 
and we have found that in Ui_ x Th 2; Pd2Al3 spin-lattice 
relaxation is far too small to contribute significantly to 
the observed spectral linewidths. 

In a diluted magnetic alloy such as Ui_ 2: Th. E Pd2Al3 
the NMR shift is also distributed because of the spatial 
dependence of the RKKY interaction and the random 
positions of the magnetic ions, even if the susceptibility 
associated with these ions were uniform. Thus additional 
broadening due to susceptibility inhomogeneity may be 
difficult to resolve. This is unlike the situation in an al- 
loy with ligand disorder (i.e., disorder in the nonmagnetic 
ions of the compound), where the magnetic-ion sublat- 
tice is ordered. In this case the only source of broadening 
is susceptibility inhomogeneity, as long as the ligand dis- 
order does not affect the RKKY interaction significantly. 
Even if it does, the two broadening mechanisms can be 
distinguished .EJJ 

If, however, specific near-neighbor magnetic-ion con- 
figurations of the observed nuclei are probable enough 
in a dilute alloy, and if the shifted NMR frequencies 
of these nuclei are large enough to be resolved, rather 
than merely contributing to "dilution broadening" of the 
resonance line, then the shifts and linewidthsj-af these 
impurity satellites may be studied separately.c3 Impu- 
rity satellites provide a much better characterization of 
the inhomogeneous susceptibility distribution in an alloy 
with /-ion sublattice dilution (such as L T i_ :E Th. E Pd2Al3) 
than is possible if the satellites are not resolved. 

An important result of the present studies was 
the observation of resolved 27 A1 impurity satellites in 
Ui_ 2; Th 2 ;Pd2Al3. The shifts and linewidths of these 
satellites have been analyzed to provide information on 
the inhomogeneous distribution of local susceptibility in 
this system. We find that the width of the susceptibility 
distribution is considerably smaller than required to ex- 
plain NFL behavior, and a different mechanism must be 
sought. This result suggests that, in contrast to the situ- 
ation in ligand-disorder alloys, /-sublattice disorder may 
not produce enough inhomogeneity in the /-electron- 
conduction-electron hybridization to drive the NFL be- 
havior. 
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II. DISORDER-DRIVEN NFL THEORIES 



In the folloTOBg we briefly describe,-, the single- ion 
Kondo-disordeiuia and Griffiths-phaseQ el models, after 
which we consider their applicability to the NFL behav- 
ior in LV.Th.PdaAls. 

The simplest implementation of the single-ion Kondo 
disorder model assumes that the / ions are coupled to 
the conduction-electron bath by a random distribution 
of Kondo coupling constants g — pj , where p is the 
conduction-electron density of states at the Fermi energy 
and J is the local-moment-conduction-electron exchange 
energy. Then g is related to the Kondo temperature Tk 
by 



T K = E F exp(-l/g) , 



(1) 



where Ep is the Fermi energy of the host metal. Thus a 
modest distribution of g can give rise to a broad distribu- 
tion oITk if most values of g are small. If the distribution 
function P(Tr-) is broad enough so that P(Tk=0) does 
not vanish, then at any nonzero temperature T those / 
ions for which Tr- < T will not be compensated. Fermi- 
liquid theory does not apply to them, and they give rise 
to the NFL behavior. 

Such uncompensated / ions dominate thermal and 
transport properties at low temperatures. The magnetic 
susceptibility is correspondingly distributed, as can be 
seen from the Curie- Weiss law 



X(T,T K ) = 



C 



T + aT K 



(2) 



(a ~ 1) that approximately characterizes the Kondo 
physics, and is inhomogeneous on an atomic scale. 
Fitting this model to the temperature dependence of 
the bulk (i.e., spatially averaged) magnetic susceptibil- 
ity x(T) gives the distribution of g, which is then used 
to predict 5 X (T)/x(Tjm 

In the Griffiths-phase theory various physical proper- 
ties are predicted to diverge at low temperatures as weak 
power laws of temperature. For example, the electronic 
specific heat C(T) and the spatially averaged magnetic 
susceptibility X (T) are given by 



C{T)/T <x X (T) oc T 



-l + A 



(3) 



and the fractional rms spread 5x(T)/x(T) is given by 



Sx(T) 
X{T) 



x 



J.-A/2 



(4) 



The nonuniversal exponent A is a parameter that deter- 
mines the degree of NFL character. The Griffiths phase is 
characterized by A < 1, so that the susceptibility diverges 
at zero temperature (the case A = 1 is marginal and gives 
rise to logarithmic divergences). Since C(T)/T and x{T) 
hav e the same temperature dependence the Wilson ra- 
tio x(T)T/C(T) is independent of temperature in this 
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FIG. 2. Temperature dependence of the anisotropic suscep- 
tibility in Uo.iTho.9Pd2Al3. Circles: afc-plane susceptibility 
Xab(T). Triangles: c-axis susceptibility X c(T). Curve: fit of 
Griffiths- phase model (Refs. M-BI) to Xab(T). 



picture. The procedure used to compare the Griffiths- 
phase theory with experiment is similar to that described 
above for the Kondo-disorder analysis: bulk susceptibil- 
ity data are fit to the corresponding theoretical expres- 
sions, and the calculated S X (T)/x(T) is compared with 
NMR data. 



III. EXPERIMENT 

Samples of LV^Th^PdaAlg, x = 0.7_I1S, and 0.9, 
were prepared as described previously.EJO The arc- 
mcltcd ingots were crushed and passed through a 100- /im 
sieve. 27 A1 NMR experiments were carried out on un- 
aligned powders and also on epoxy-cast powder samples 
in which the single-crystal powder grains were aligned by 
a 6-T magnetic field during hardening of the epoxy. The 
crystal symmetry is hexagonal (space group P6/mmm) 
and thus the susceptibility is uniaxially anisotropic. The 
direction of largest magnetic susceptibility is in the basal 
(ab) plane, so that in order to orient the c axes of the 
grains it was necessary to rotate the sample around an 
axis perpendicular to the magnetic field while the epoxy 
hardened.t3 The rotation axis then defines the c-axis ori- 
entation of the grains. The anisotropic susceptibility ob- 
tained from a field-aligned sample of Uo.iTho.9Pd2Ai3 is 
shown in Fig. |^, where the strong anisotropy that permits 
the field alignment can be seen. 

Also shown in Fig. ||is the result of fitting the Griffiths- 
phase model prediction for the uniform susceptibility 
to the experimental Xab{T) data, as described above in 
Sec. |TJ. Aside from an overall scale factor the fit param- 
eters are the exponent A and a high-energy cutoff eo for 
the distribution of cluster energies. Best fit was found 
for A = 0.90 and t^/ks = 130 K. A good fit was also 
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FIG. 3. Representative Al quadrupole-split NMR spec- 
trum from an unaligned powder sample of Uo.2Tho.8Pd2Ai3. 
The spectrum is characterized by a narrow central transition 
and broad powder-pattern quadrupole satellites (Ref. |l4|) . 
Extra lines are visible on the low-field side of the central 
transition, and to some extent on the low-field sides of the 
quadrupole satellites. 
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FIG. 4. Temperature dependence of 27 A1 NMR shifts in 
unaligned powder samples of Ui~ a: Th a ;Pd2Al3, x = 0.7 
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(b) Principal lines. 



obtained with the Kondo-disorder model, where the pa- 
rameters describing the disorder were taken to be the 
Fermi energy E F [cf. Eq. (§)] and the mean g and stan- 
dard deviation Sg of an assumed Gaussian distribution 
of coupling constants. The values E F = 1 eV, g = 0.149, 
and 5g = 0.020 gave the best fit (not shown). The re- 
sults of these fits were used to calculate numerical values 
of 8x(T)/x(T), which are compared with results of the 
NMR experiments in Sec. IV. 

Field-swept 27 A1 NMR spectra were obtained using 
pulsed-NMR spin-echo signals and the frequency-shifted 
and summed Fourier transform processing technique de- 
scribed by Clark et alEQ The echo-decay lifetime Ti was 
found to be sufficiently long (hundreds of [is) so that no 
correction for the echo decay was needed. 



A. Spurious phases or impurity satellites in 
Ui^Th.Po^Ala? 

Figure || shows as an example a spectrum from 
an unaligned powder sample of Uo.2Tho.sPd2Al3. In 
Ui_ 2; Th a ;Pd2Al3 the mmm point symmetry of the Al site 
is lower than cubic, so that the 27 A1 nuclear Zeeman lev- 
els are split by the quadrupole interaction between the 
27 A1 nuclear quadrupolp_moment Q and the crystalline 
electric field gradient qt5 Then quadrupole satellite res- 
onances, corresponding to mi <-> mj — 1 (mj ^ 1/2) nu- 
clear spin transitions, are observed in the form of broad 
peaks shifted from a narrow central (1/2 <-» —1/2) tran- 
sition. The positions of the quadrupole satellites are 



shifted to first order in the coupling constant e 2 qQ and 
depend on crystallite orientation, so that the quadrupo- 
lar satellites are "powder-pattern broadened" by the ran- 
dom orientations of the powder grains in the sample. The 
central transition is shifted only to second order in e 2 qQ, 
however, and suffers much less powder-pattern broaden- 
ing than the satellites when e 2 qQ is smaller than the 27 A1 
nuclear Zeeman frequency. 

The most important feature of Fig. || is the group of 
extra lines on the low-field side of the central transi- 
tion. (There is also a hint of this structure in some of 
the quadrupole satellites.) The extra lines, which also 
appear for Th concentrations x — 0.7 and 0.9, were 
initially suspected to be due to spurious metallurgical 
phases, although x-ray powder diffraction measurements 
indicated the samples were single-phase. Ej More than one 
extra "minority" line was observed, but in the following 
only the most intense minority line is compared with the 
"principal" central transition (Fig. ||). 

The temperature dependence of the principal and mi- 
nority shifts is shown in Fig. ||. It can be seen that 
the shift of the principal line is independent of temper- 
ature, whereas the minority line exhibits a Curie- Weiss- 
like temperature-dependent shift. If the minority line 
were due to a spurious phase, then these results suggest 
that the principal phase is a nearly pure thorium com- 
pound, whereas the spurious phase or phases have a high 
uranium concentration. This seems rather unlikely, given 
the absence of x-ray evidence for phase segregation and 
the chemical similarity of thorium and uranium, and we 
take the results shown in Fig. [| as initial evidence against 
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FIG. 5. Clogston-Jaccarino plot of 27 A1 principal- and mi- 
nority-line NMR shifts vs. bulk (spatially averaged) sus- 
ceptibility in unaligned powder samples of Ui_ a: Th :E Pd2Al3, 
x — 0.7 (squares), 0.8 (triangles), and 0.9 (circles). Temper- 
ature is an implicit parameter. The minority-line data (filled 
symbols) show similar behavior for different Th concentra- 
tions x. Extrapolations to zero susceptibility (high tempera- 
ture) agree with the temperature- independent principal shifts 
(open symbols at zero susceptibility). 



the spurious-phase hypothesis. 

Figure || gives a Clogston-Jaccarino plot of shift ver- 
sus susceptibility per mole uranium, with temperature 
an implicit variable. A linear relation between shift and 
x(T) is expected for impurity satellites if the transferred 
hyperfine field that couples the nuclear spin to the U mo- 
ment is temperature- independent, and is indeed observed 
for small to moderate values of x(T). The slopes of these 
linear relations are more or less independent of thorium 
concentration x, as expected for a local hyperfine interac- 
tion. [The nonlinear behavior for larger x(T) is not well 
understood, but may arise from changes in crystal-field 
level populations with temperature.] 

The temperature independence of the principal-line 
shift is explained by the large number of configurations of 
more distant U ions and the oscillatory dependence of the 
RKKY interaction, which lead to broadening but little 
average shift contribution to the principal lineEj Vary- 
ing the Th concentration x can change the host-metal 
band structure and lead to an x-dependent host Knight 
shift. The fact that the principal-line shifts do not vary 
monotonically with Th concentration is not well under- 
stood, but may be due to shift anisotropy together with 
sample-dependent preferential orientation of the powder 
grains. 

Comparison of the principal- and minority-line shifts 
yields strong additional evidence that the minority lines 
are impurity satellites rather than due to spurious phases. 
One of the most striking features of Fig. || is the 
fact that extrapolations of the minority-line shifts to 
zero x(T) (infinite temperature) are in agreement with 
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FIG. 6. Representative 27 A1 NMR field-aligned spectrum 
from a field-aligned powder sample of Uo.iTho.9Pd2Al3 for 
Ho || c. The bulk NMR lines and impurity satellites (indi- 
cated for the central transition only) are grouped into a cen- 
tral transition and four quadrupole satellites. The impurity 
satellites have slightly different anisotropic NMR shifts and 
quadrupole splittings than the bulk lines. The sharp lines 
indicate good alignment of the powder-grain c axes. 



the temperature-independent principal-line shifts. This 
agreement would be a complete coincidence if the minor- 
ity lines were due to spurious phases, but follows natu- 
rally if they are impurity satellites. 

We conclude that the observed properties of the spec- 
tra establish the minority lines as impurity satellites 
rather than due to spurious phases. 



B. Spectra from field-aligned samples 

The 27 A1 impurity-satellite spectra from unaligned 
powder samples of Ui_ x Th x Pd2Al3 described above are 
difficult to interpret, due to possible preferential orienta- 
tion and broadening from shift anisotropy. We therefore 
used field- aligned samples for further NMR experiments. 

Figure ^ shows a representative field-aligned spectrum 
from Uo.iTho.gPd2Al3 for applied field Ho parallel to the 
c axis (Ho || c). The sharp lines indicate good alignment 
of the powder-grain c axes, and the impurity satellites 
are more apparent than in the unaligned powder spectra. 
The lines in the center of the spectrum are the (1/2 «-» 
— 1/2) central transition bulk line and impurity satellites. 
Impurity satellites can also be seen associated with each 
quadrupole satellite. These are well resolved on the low- 
field side of the quadrupole-split spectrum but not on the 
high-field side, due to the combination of an anisotropic 
NMR shift and slightly larger quadrupole splittings (at 
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fixed frequency) of the impurity satellites relative to the 
bulk lines. 

It can also be seen in Fig. ^ that the quadrupole satel- 
lites are somewhat broader than the central transition, 
due presumably to incomplete alignment and/or disor- 
der in the quadrupole interaction; as mentioned above 
this results in first-order quadrupole broadening of the 
quadrupole satellites but only second-order broadening 
of the central transitions. Henceforth we consider only 
the central-transition bulk line and impurity satellites. 

Field-swept spectra were taken with a field range of 
about 300 Oe around the central transition and a small 
field step (~3 Oe) to have good resolution of narrow lines. 
Spectra were obtained as a function of temperature and 
field for both field directions (Ho || c and Ho _L c) on 
field-aligned samples of Ui_ x Th x Pd2Al3, x = 0.7,0.8, 
and 0.9. 

Impurity satellites and line shapes in dilute magnetic: 
alloys have been treated by Walstedt and Walker,EiJ 
who showed on very general grounds that in the ab- 
sence of susceptibility inhomogeneity the line shapes and 
widths of the bulk line and impurity satellites are the 
same. Inhomogeneity results in an increase of the satel- 
lite linewidths relative to that of the bulk line. We find 
that a Lorentzian line shape fits the bulk line best. Fol- 
lowing the result of Walstedt and Walker, the impurity 
satellites were fit with a Lorentzian with the same width 
as the bulk line, convoluted with an extra (Gaussian) 
broadening function that describes the susceptibility in- 
homogeneity. 

Simple statistical considerations were used to constrain 
the fits. The probability P™° (x) of finding n and only n 
uranium impurities in a given near-neighbor (Th,U) shell 
around an Al site is given by 

P n "°(x) = y"(l-yr°-™C:% (5) 

where y = 1 — x is the U concentration, no is the total 
number of U sites in the shell, and C™° = no!/n!(no — n)\ 
is the binomial coefficient. The intensity of each line (i.e., 
the area under the line) including the bulk line (for which 
n = for all resolved near-neighbor shells) is proportional 
to this probability. The fitting procedure then consists 
of taking the number of most probable U-ion configura- 
tions to be the number of resolved impurity satellites, 
fixing the ratios of the satellite and bulk line intensities 
according to Eq. (^|), and varying the shifts and widths 
of all lines for best fit. 

The crystal structure of Ui_ 2: Th r Pd2Al3, including 
near-neighbor (Th,U) shells around a reference 27 A1 site 
out to the third shell, is shown in Figure [?]. Each of 
the first three near-neighbor shells contains four sites 
(no = 4). We found, however, that if we took no = 4 
for both the nearest-neighbor and next-nearest-neighbor 
shells we could not fit the spectra well. Among vari- 
ous possibilities we find that the choice of ng n = 4 for 
the nearest-neighbor shell and nQ nn = 8 for the next- 
nearest-neighbor shell gives the best fit to the spectra. 




FIG. 7. Crystal structure of Ui-zTh^PcbAls. The num- 
bers on the (U,Th) sites indicate the nearest, next-nearest, 
and third nearest shells to the reference 27 A1 site (X). The 
latter is at the center of the rectangle formed by the four 
nearest-neighbor (U,Th) sites. 

This implies that an effective next-nearest-neighbor shell 
is a combination of the second and third shells in the crys- 
tal structure. The distance from the reference Al site to 
the nearest shell is 3.402 A, to the second shell is 5.096 A, 
and to the third shell is 6.828 A, so that the difference in 
(U,Th)-Al distances between the second and third shells 
is about 1.7 A. This is not small on the atomic scale, and 
we do not understand why the RKKY coupling constants 
for these shells are apparently so nearly equal. 

For these choices of near-neighbor shell— sizes, and 
assuming an isotropic RKKY interaction,E3 we have 
5 distinct nearest-neighbor-shell configurations (n nn = 
0,1,2,3,4) and 9 distinct next-nearest-neighbor-shell 
configurations (n nnn = 0, 1, 2, . . . , 8). The total num- 
ber of distinct configurations associated with these two 
shells is therefore 5 x 9 = 45. Table | gives the probabil- 
ities of the six most probable of these 45 configurations 
from Eq. ([s]) for two uranium concentrations y — 0.1 and 
0.2 (x = 0.9 and 0.8, respectively). The configurations 
are designated by (p, q) , where p and q are the number 
of U ions in the nearest-neighbor and (effective) next- 
nearest-neighbor shells, respectively. We have taken the 
fit spectrum to include the lines corresponding to these 
six configurations (i.e., five impurity satellites and the 
bulk line) as shown in Fig. ||(a). Fixing the relative areas 
of the lines according to Table [j| leaves as free parameters 
the area of the bulk line and the shifts and linewidths of 
all the lines. 

The positions and widths of the lines in Fig. ||(a) are 
the result of a fit to the spectrum of Uo.iTho.9Pd 2 Al 3 
for Ho || c, T = 30 K, and a spectrometer frequency of 
17.221 MHz. This fit is shown together with the data in 
Fig. @(b). It is important to note that the assignment 
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Configuration x = 0.9 


x = 0.8 


(0,0) 


0.2825 


0.0687 


(0,1) 


0.2510 


0.1374 


(1,0) 


0.1255 


0.0687 


(1,1) 


0.1116 


0.1374 


(0,2) 


0.0976 


0.1203 


(1,2) 


0.0434 


0.1203 


Total 


0.9116 


0.6528 


TABLE I. 


Probability of finding the configuration (p, q) of 



U ions in the two nearest-neighbor (Th,U) shells about an 
Al site in Ui-^Th^Po^Als [from Eq. @j. Here p and q are 
the number of U ions in the nearest-neighbor and (effective) 
next-nearest-neighbor shells, respectively. 

of each line to a configuration is consistent with the os- 
cillatory RKKY interaction. Consider for example the 
(0,1) and (1,0) impurity satellites, which are on oppo- 
site sides of the (0, 0) bulk line. Then one more uranium 
in the second shell should push the (0, 2) satellite further 
away from the (0,0) line than the (0,1) satellite. Simi- 
larly, the (1,1) satellite should lie between the (1,0) and 
(0, 1) satellites due to the opposite signs of the nearest- 
and next-nearest-shell interactions, and the (1,2) satel- 
lite should lie between the (1, 0) and (0, 2) satellites. All 
these properties are satisfied by the fits without having 
been put in "by hand." We argue that the success of this 
fitting procedure is excellent evidence that the satellites 
have been correctly identified. 

The model is very successful, in the sense that it gives 
good fits to the field-aligned spectra for both field di- 
rections and for x — 0.9 and 0.8. Shown in Fig. ^| are 
some examples of the spectra and their fits. It can be 
seen, however, that the fit for x = 0.8 is not quite as 
good as for x = 0.9. This might be associated with 
the fact that the total probability to find any of the six 
resolved-satellite U-ion neighbor configurations (cf. Ta- 
ble |) is quite high (0.9116) for x — 0.9, but is only 
0.6528 for x — 0.8. The remaining 39 configurations 
must contribute to the broadening function, and if the 
probability associated with a few of these configurations 
is appreciable one might suspect that a simple Gaussian 
approximation to the line shape could break down. In 
line with this speculation it was found that spectra from 
Uo.3Th .7Pd2Al 3 were even more difficult to fit. 

Even so, Ui_ a: Th 2: Pd2Al3 is the first system in which 
impurity satellites have been resolved at such high mag- 
netic impurity concentrations (y = 0.2). This is due in 
part to the relatively small number of /-ion sites in the 
near-neighbor shells compared, for example, to the case 
in dilute CuFe alloysEJwhere n™ = 12. 
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FIG. 8. Al NMR spectrum from a field-aligned powder 
sample of Uo.iTho.9Pd2Ai3, Ho || c. (a) Bulk line and five 
impurity satellites included to give best fit (see text and Ta- 
ble |l] for nomenclature), (b) Circles: NMR data. Solid line: 
Fit curve. 

IV. DISORDER AND NFL BEHAVIOR IN 

Ui-^Th^PdaAla 

Field-swept 27 A1 NMR spectra from field-aligned pow- 
der samples were obtained at a spectrometer frequency 
of 17.221 MHz over the temperature range 5-250 K. 
For Ho || c all impurity satellites have very weak or 
temperature-independent shifts (not shown). Such be- 
havior is expected because the c axis is the magnetic 
"hard" axis. 

Figure |l0| gives the temperature dependence of 27 A1 
impurity satellite shifts K a b(T) relative to the bulk line 
for Ho -L c. There are strong similarities between re- 
sults for the two concentrations, and the (0, 1) and (0, 2) 
satellites have stronger temperature dependences than 
the rest of the impurity satellites. The linewidths a a b(T) 
of impurity satellites (0, 1) and (0, 2) also have strong 
temperature dependence at low temperatures as shown 
in Fig. |ll|. It is not surprising to see that each satellite has 
almost the same width at high temperatures where the 
magnetic susceptibility is small. The (1,2) satellite for 
Uo^Tho.sPcbAbj is an exception, as it shows only a weak 
temperature dependence and a larger width at high tem- 
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FIG. 9. Representative fits to 27 A1 NMR field- aligned spec- 
tra from Ui- 2 ,Th :c Pd2Al3 alloys. (a) x = 0.8, B || c. 
(b) x = 0.8, B _L c. (c) x = 0.9, B _L c. Circles: NMR 
data. Solid lines: Fit curves. 



peratures compared to the other satellites. This behavior 
is not understood, but it can be seen from Fig. ||(a) that 
the (1,2) satellite is the weakest of the impurity satel- 
lites and is not well resolved; there may be considerable 
systematic error in the parameters for this satellite. 

Only the (0, 1) and (0, 2) impurity satellites have 
strong temperature-dependent linewidths and shifts for 
H ± c. We use the (0, 1) satellite in Uo.iTh .9Pd2Al 3 
for further analysis, because for this satellite there is only 
one U moment in the immediate 27 A1 environment. This 
is in contrast to the situation in ligand-disorder NFL sys- 
tems, e.g., UCu5_a;Pd 2 (Refs. [s|and |l~6|) and CeRhRuSi2 
(Refs. ||and 0), where the / ions are concentrated 
and nuclear spins couple strongly to substantially more 
than one neighboring /-ion moment. In the latter case 
it can be shown that the correlation length £ X (T) that 
characterizes the random spatial variation of the sus- 
ceptibility has to be taken into account The use of a 
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— •- 



100 200 
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FIG. 10. Temperature dependence of impurity satellite 
shifts K ab (T) relative to the bulk line for Ho _L c in 
Ui-zTha^Als at 17.221 MHz. (a) x = 0.9. (b) x = 0.8. 
The (0, 1) and (0, 2) satellites have strong temperature depen- 
dences. 



single-U-ion impurity satellite means that no informa- 
tion can be obtained concerning £ x (T) , but by the same 
token the quantity a ab {T)/K ab {T)H = SK ab (T)/K ab (T) 
gives 5\(T) / x{T) independent of the (unknown) value of 

Figure [TJ plots SK ab (T)/K ab (T) for the (0, 1) im- 
purity satellite versus the bulk susceptibility x(T) in 
Uo.iTho.gPd2Al3, Ho _L c, again with temperature an 
implicit parameter. Also shown are the theoretical 
predictions of Sx{T)/x(T) from the single-ion Kondo- 
disorder and Griffiths-phase theories, obtained as de- 
scribed in Sec. ||. In spite of the fact that at low tem- 
peratures the satellites are significantly broader than the 
central transition (Fig. [ll]), the theoretical predictions 
considerably overestimate the experimental results. This 
suggests that the effect of disorder in this system is too 
weak to account for its NFL behavior. The satellites 
are simply too narrow, a fact which, ironically, is essen- 
tial to their experimental observation. Impurity satek 
lites have also been observed in Yo.sTho.2-i/U y Pd3,Efl 
but in this case the satellite widths become very wide 
and unresolved at low temperatures. We also note 
that in Uo.iTho.gPdaAlg SK ab (T)/K ab (T) varies rela- 
tively slowly with x(T) (Fig. |lj), i.e., the NMR linewidth 
is nearly proportional to the shift. This is in contrast to 
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Temperature (K) 



FIG. 11. Bulk line and impurity satellite linewidths a a b(T) 
vs. temperature for Ho _L c in Ui_ a; Th :c Pd2 AI3 at 17.221 
MHz. (a) x = 0.9. (b) x = 0.8. The (0, 1) and (0, 2) satellite 
linewidths have strong temperature dependences at low T. 
Each satellite has almost the same width at high T with the 
exception of the (1, 2) satellite for x = 0.8. 

the behavior expected from both the Kondo-disorder and 
Griffiths-phase pictures, where the spread in susceptibil- 
ities is a rapidly-growing fraction of the. average suscep- 
tibility as the temperature is lowered.trLl 



V. CONCLUSIONS 

27 A1 NMR in the U i _ a; Th a; Pd2Al3 alloy system has re- 
vealed satellite NMR lines due to specific uranium config- 
urations around Al sites. These impurity satellites facil- 
itate determination of the effect of disorder on paramag- 
netism in this system. The probability of finding a given 
configuration, which is related to the intensity of the cor- 
responding line, follows a simple statistical calculation. 
We used a procedure that fixed the intensities according 
to their probabilities to fit the field-aligned spectra for 
x = 0.9 and 0.8 and both field directions (Ho || c and 
Ho -L c). Each impurity satellite is thereby associated 
with a specific near-neighbor uranium configuration. 

The linewidths and shifts in Ui_ a; Th 2 ;Pd2Al3 do not 
have much temperature dependence for H || c, as is 
also the case for the c-axis susceptibility Xc(T). In con- 
trast, two of the impurity satellites have Curie- Weiss- 
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FIG. 12. Comparison of fractional rms susceptibility 
spread Sx(T)/x(T) from the Kondo-disorder (solid curve) 
and Griffiths-phase (dashed curve) theories with fractional 
27 Al NMR width 5K ab /Kab of the (0, 1) impurity satellite 
in Uo.iTho.gPd2Al3, Ho _L c (data points). The predictions 
clearly overestimate the NMR data, indicating that disorder 
is not the major source of NFL behavior in this alloy. 

like temperature-dependent linewidths and shifts for 
Ho -L c. But the linewidths do not increase much more 
rapidly with decreasing temperature than the shift, so 
that SK/K does not exhibit the rapid increase with 
bulk susceptibility x expected from the disorder-driven 
modelsM] These mechanisms also overestimate the ob- 
served linewidth at low temperatures, suggesting that the 
disorder in this system is not strong enough to account 
for its NFL behavior. 

In the disorder-driven models the origin of the dis- 
order is variation of the /-electron/conduction-electron 
hybridization matrix element with local /-ion environ- 
ment. Disorder is found to be an important contribu- 
tor to NFL behavior in alloys with ligand disorder, such 
as UCus^Pdz (Ref. |) and CeRhRuSi 2 (Ref. 0). One 
might suspect, however, that the immediate /-ion en- 
vironment is not as strongly disordered in dilute solid 
solutions of / ions, given that in the limit of infinite di- 
lution all / ions have identical environments. NFL be- 
havior in such systems might therefore be due to some 
other mechanism. This conclusion must be regarded 
as speculative, however, since U concentrations of 10% 
and 20% can hardly be considered dilute. In addition, 
Ui_ 2; Th 2 ,Pd2Al3 is the only /-ion diluted system studied 
to date using NMR. 

NFL behavior in Ui_ ;E Th. E Pd2Al3 is observed over a 
wide range of Th concentrations, and the thermodynamic 
and transport properties obey single-ion scalingO These 
results suggest that a quantum critical point associated 
with cooperative behavior is not the NFL mechanism in 
this system. Two models that rely neither on cooper- 
ative effects nor on disorder have been applied specifi- 
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cally to Ui-^TtwPo^Ala. These are (a) the quadrupolar 
Kondo modeljlj which assumes a non-Kramers doubly 
degenerate nonmagnetic ground state, and (b) the elec- 
tronic polaron model of LiujEj which assumes that the 
/-electron energies are close to the Fermi level and that 
transport involves polaron-like hopping between / sites. 
Neither of these theories predicts strong disorder in the 
magnetic susceptibility, and from the standpoint of our 
NMR results both remain candidates for NFL behavior 
in Ui^TbcPdzAFj. 
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